Fiber, as an additive, can improve the performance of asphalt concrete and be widely studied, but only a few works have been done for hybrid fiber. This paper presents a new and convenient method to design hybrid fiber and verifies hybrid fiber's superiority in asphalt pavement engineering. Firstly, this paper expounds the design method used as its applied example with the hybrid fiber composed of lignin, polyester, and polypropylene fibers. In this method, a direct shear device (DSD) is used to measure the shear damage energy density (SDED) of hybrid fiber modified asphalts, and range and variance statistical analysis are applied to determine the composition proportion of hybrid fiber. Then, the engineering property of hybrid fiber reinforced asphalt concrete (AC-13) is investigated. Finally, a cost-benefit model is developed to analyze the advantage of hybrid fiber compared to single fibers. The results show that the design method employed in this paper can offer a beneficial reference. A combination of 1.8% of lignin fiber and 2.4% of polyester fiber plus 3.0% polypropylene fiber presented the best reinforcement of the hybrid fiber. The cost-benefit model verifies that the hybrid fiber can bring about comprehensive pavement performance and good economy.
Introduction
Asphalt pavement has many advantages, such as low noise, good skid-resistance and comfort, easy maintenance, and recyclability, while it is subjected to rutting and cracking under the effects of repeated vehicle loading and climatic variations [1, 2] . Therefore, additives such as fibers, polymers, and rubber are used in asphalt mixtures to reduce cracking and rutting phenomena in asphalt pavement [3] . A good deal of research shows that fibers can be used as an effective additive in asphalt concrete to improve pavement performance, including dynamic modulus, resistance to rutting, resistance to low-temperature cracking, and antireflective cracking as well as moisture susceptibility [4] [5] [6] [7] [8] . There is no doubt that these benefits contribute to extending the service life of asphalt pavement.
So far, three common fibers used in asphalt pavement engineering are lignin fiber, polyester fiber, and polypropylene (PP) fiber [9, 10] . However, the role of lignin fiber in improving the engineering performance of asphalt concretes is less obvious [11] . The improving effect of polymer fiber and PP fiber is very significant but over-high price limits their application [12] . Against that background, hybrid fiber formed by the mixing of different fibers may be a key to solving the above problem. Hybrid fiber is defined as the fiber containing two or three or more kinds of single fiber. Although hybrid fiber is widely used in cement concrete material [13] , it is really a new concept applied in asphalt concrete. The good news is that it has gradually attracted the attention of the researchers, and some achievements have been made about this new material. For example, Wu et al. [14] and Yue and Wu [15] investigated the engineering performance of hybrid fiber which consisted of cellulose fiber and polyester fiber, finding that the pavement performances of asphalt mixture containing hybrid fiber can be improved and the enhancement of hybrid fiber was more significant than the single cellulous fiber. Abtahi et al. [16] introduced the hybrid reinforcement of AC mixture using PP and glass fibers and drew the conclusion that a combination of 0.1% (by weight of aggregate) of glass fiber plus 6% (by weight of bitumen) of PP fiber presented the best hybrid reinforcement based on Marshall Stability test. Vadood et al. [17] investigated the resilient modulus of HMA reinforced by hybrid fiber which comprised PP and polyester fibers and developed an artificial neural network-genetic algorithm model to predict this resilient modulus. Through analyzing the current research, it is known that hybrid fiber has considerable potential to be used in the asphalt concrete. However, the work of design asphalt concrete reinforced by hybrid fiber is time-consuming and requires lots of trials of asphalt mixture experiment. Especially for the hybrid fiber which is constitutive of three kinds of single fibers, test task will increase dramatically due to more influencing factors being involved. In addition, economic performance of hybrid fiber is not clear, which also limits its application in asphalt pavement engineering. Thus, this paper aims to put forward a convenient method to design hybrid fiber modified asphalt concrete and verify the applicability of hybrid fiber in asphalt pavement engineering.
Raw Materials

Asphalt.
A virgin asphalt binder (A-70) is selected in this study and its properties are detailed in Table 1 .
Fibers.
The hybrid fibers used in this study are composed of different proportions of lignin, polyester, and PP fibers, as shown in Figure 1 . The basic physical properties of the three fibers are listed in Table 2 (provided by manufacturers).
2.3.
Aggregates. The coarse aggregates are made from limestone with a maximal size of 16 mm and a density of 2.752 g/cm 3 . The fine aggregates are machine-made sand whose density is 2.715 g/cm 3 . Mineral filler is also made from limestone with a passing range (0.075 mm) of 90.3% by weight, and its density is 2.724 g/cm 3 . The gradation of mixed aggregate which is selected in accordance with the specification [18] is presented in Figure 2 .
Design of the Hybrid Fiber
Direct shear test and orthogonal experimental design are combined, carried out in this paper as a method to design the composition of hybrid fiber and its optimum dosage in asphalt.
Test Device.
The device used in the direct shear test is shown in Figures 3 and 4 . The device consists of a support plate (used for supporting other parts of the device), a metal tank (used for ensuring the sample in the specified temperature during test and fixing the bottom part of the test mold), a hand wheel (used for applying load), a stress ring (used for measuring the shear stress that sample bore), and a test mold consisting of upper part and bottom part (used for forming and fixing sample). In the test, the metal tank and the bottom part of the test mold move at a constant speed by rotating the wheel manually, but the upper part of the test mold cannot be moved because of the impeding forces from the stress ring. That means the upper and bottom mold slide relatively at a constant speed and the asphalt sample will bear a shearing force. The shear resistance of the sample is reflected by the microscopic deformation of the stress ring that is connected with the upper mold by one steel linkage. Dial indicator measures the deformation of stress ring.
Orthogonal Experimental Design.
The effect of hybrid fiber on asphalt mixtures mainly depends on its effect on the asphalt. So, the hybrid modified asphalt being composed of asphalt and fibers is regarded as experiment object in the direct shear test to determine the optimum composition of hybrid fiber and its optimum dosage in asphalt. When lignin fiber, polyester fiber, and PP fiber are applied independently of each other in the asphalt concrete, the recommended content is within the range of 0.3%∼0.5% by weight of mix generally [19, 20] . Because asphalt content of the asphalt concrete is usually about 5%, each fiber can have three levels of dosage which are 1.8%, 2.4%, and 3.0% by weight of the asphalt when they are used jointly as hybrid fiber in this study. There will be 27 kinds of hybrid fibers under different combinations of three types of fiber. It is obvious that the experiment is too heavy for a designer pursuing the optimal combination of hybrid fiber among 27 groups tests. In this research, there are three influencing factors, which are lignin fiber (A), polyester fiber (B), and polypropylene fiber (C), with each one having three measurement levels for comparison. Due to various factors influencing testing results, orthogonal experimental design is adopted to reduce testing time and simplify statistical data analysis. The orthogonal diagram of three factors and three levels is shown in Table 3 . There are totally 9 combinations in Table 3 and two parallel tests were carried out for each test combination.
Test Procedure.
The direct shear test is conducted with different hybrid modified asphalt using the direct shear device (DSD). Before the test, the hybrid fiber modified asphalt samples are prepared. Firstly, 9 kinds of hybrid fibers are compound according to the dosage of lignin, polyester, and PP fibers shown in Table 3 . Then 180 g virgin asphalt is heated to 155 ± 5 ∘ C and the hybrid fiber is added into the asphalt slowly. In order to secure the uniformity of hybrid fiber distribution, it would take at least 30 min to mix the hybrid fiber with the asphalt during the process of adding fibers. In the end, the prepared hybrid fiber modified asphalt is poured into the metal test mold with a hollow cylinder ( 60 mm × 70 mm). It usually needs at least 3 hours to drop to room temperature and form shape for the samples.
The test mold containing sample is placed in the water bath for heat preservation at the temperature of 20 ∘ C for 3 hours, so that the temperature of the sample can achieve the set value and the inside and outside temperature of the sample are the same. The temperature of the water in the metal tank of the device is also at 20±0.5 ∘ C to keep the sample temperature constant during the shear process. After the test mold is fixed to the metal tank, the metal tank location is adjusted though rotating the wheel to ensure close contact of the upper test mold to the stress ring. The sample is sheared at a constant speed of 0.12 mm/s when the wheel is rotated at a circle per 5 seconds. At the same time, the deformation of stress ring is read off on the dial indicator and the shear stress can be got through the transformation of dial indicator data.
Failure Characteristics of Samples.
The failed samples are shown in Figure 5 . Some differences are observed between the pure asphalt sample and the hybrid fiber modified asphalt samples after shear tests. Figure 5 shows that the failure surface of hybrid fiber modified asphalt is rougher and its extension deformation is bigger in comparison with the pure asphalt sample, which is an intuitive evidence of interwoven distribution of the hybrid fiber and the reinforcement effect of hybrid fiber in the asphalt.
To describe the damage process of samples quantitatively, the shear stress-strain curves of hybrid modified asphalt experiment groups and pure asphalt are drawn as shown in Figure 6 . In Figure 6 it is clear that the curves can be divided into two stages for both kinds of samples. In the first stage, the shear stress value increases with the increasing of the shear strain value until the peak value of is reached. In the second stage when samples turn in the state of failure, for the pure asphalt sample, declines rapidly as the strain value continues to increase. However, for the hybrid modified asphalt samples show a slow decline and a stable transition.
In the end of the test process, for the hybrid modified asphalt samples are higher rather than close to zero for the pure asphalt sample. The reason for this phenomenon is the tacky property of PP fiber and the reinforcement effect of the fibers which increase the cohesive force of asphalt material. In addition, there are some singularities in the second stage of the curve so that it looks not so smooth. It might be attributed to two reasons: (a) the fibers could not be in incompletely uniform distribution in the asphalt; (b) manual loading is difficult to ensure completely constant shear speed, which needs to be improved in the future. However, the overall trend Advances in Materials Science and Engineering 5 of the curves and the test result are not obviously affected by these deficiencies.
Shear Damage Energy Density.
The deformation and destruction of these samples induced by the shearing force in the test can be explained using energy dissipation. During the shear test, the energy dissipation before the shearing force reaches the maximum value indicates the ability to resist shear damage of the samples. Therefore, the index called the shear damage energy density (SDED) is introduced in this study to describe the energy dissipation, which is similar to the concept of fracture energy density [21] but describes the shear resistance of material. SDED is calculated from the area formed by the shear stress line and the shear strain line ( -axis) as follows:
where SDED is the shear damage energy density, kJ/m 3 ; ( ) is the shear stress of samples when the strain value is , kPa;
is the failure strain of samples which is corresponding to the shear strength max .
Range and Variance Analysis.
The experimental results are shown in Table 3 . It is observed that different hybrid fiber modified asphalts produce very different shear resistance performance and the maximum value of SDED (43.7 KJ/m 3 ) is nearly eight times the minimum value (5.5 KJ/m 3 ). Therefore, a proper combination of three single fibers is very important and necessary. In addition, it indicates the direct shear test can distinguish the shear performance of different hybrid fiber modified asphalts.
The range analysis of SDED is carried out to assess the effect of the three factors on the shear resistance of the samples and select the optimal combination of the three kinds of fiber constituting hybrid fiber. The results of SDED for each level of influencing factor are given in Table 4 . The results show that the SDED increases as the lignin fiber dosage decreases and the PP fibers dosage increases, while the SDED can firstly increase and then decrease with the polyester fiber dosage increasing. In order to obtain the maximum SDED, the optimal dosage of lignin fiber, polyester fiber, and PP fibers in the hybrid fiber modified asphalt is 1.8%, 2.4%, and 3.0%, respectively, which means that the optimum dosage of hybrid fiber in asphalt is 7.2% and the composition ratio of hybrid fiber is 3 : 4 : 5 (lignin fiber, polyester fiber, and PP fibers). However, this optimized hybrid fiber testing program is not included in the orthogonal diagram. A complementary test which is about the optimized hybrid fiber was conducted and its SDED is 48.2 KJ/m 3 which is greater than any group in the orthogonal diagram. This demonstrates that the process to determine hybrid fiber composition based on orthogonal experimental design is reasonable.
The impact range is calculated in Table 4 to evaluate the effect of different factors on the SDED. A greater range reflects a greater influence on SDED. So, PP fiber dosage has the greatest effect on the SDED, lignin fiber dosage is next, and polyester fiber dosage is the least. Furthermore, the range of the factor of PP fiber dosage is significantly larger than that of the other two factors. This indicates that PP fiber dosage is the key parameter in the design of this kind of hybrid fiber. Analysis of variance (ANOVA) is also conducted to verify the above range analysis because range analysis is difficult to consider the effect of experiment error and evaluate whether the influence of various factors on the SDED is statistically significant or not. In this paper, ANOVA is performed using the software of Statistical Product and Service Solutions (SPSS) and the results are presented in Table 5 . It is clear that the significance probabilities of the values for the three factors are all below 0.05, indicating prominent impacts of the three factors on the SDED within 95% confidence level. Moreover, PP fiber dosage has the most significant levels for SDED, followed by lignin fiber and polyester fiber through comparing the value. The significant ranking of different factors fits with the range analysis, which suggests that the range analysis is reasonable.
Engineering Performances of Hybrid Fiber Reinforced Asphalt Concrete
The optimum asphalt content (OAC), fiber dosage and volume of air voids (VV) of base asphalt concrete (AC), lignin fiber reinforced asphalt concrete (LFRAC), polyester fiber reinforced asphalt concrete (PFRAC), polypropylene fiber reinforced asphalt concrete (PPFRAC), and hybrid fiber reinforced asphalt concrete (HFRAC) are determined using the Marshall Design procedure [18] , detailed in Table 6 . Then their engineering performances are evaluated based on the laboratory test. The test methods are briefly described below.
Experimental Methods.
Rutting resistance of FRAC was measured by wheel tracking test according to T0719 (JTJ E20-2011) [22] . The square slab specimens (300 mm × 300 mm × 50 mm) were loaded with a special solid rubber tire whose contact pressure is 0.7 MPa in a constant temperature chamber at the temperature of 60 ∘ C. The tire wheeled for 1 hour at the speed of 42 ± 1 cycles/min during the test process. Rutting depths were measured and dynamic stability (DS) could be expressed as follows:
where 45 and 60 are the rutting depth at 45 min and 60 min, respectively. The low-temperature bending test was used to measure low-temperature crack resistance of FRAC according to 6 Advances in Materials Science and Engineering T0715 (JTJ E20-2011) [22] . The loading was applied on the middle of the beam specimens (250 mm × 30 mm × 35 mm) with a loading rate of 50 mm/min in a constant temperature chamber at −10 ∘ C. The failure strain B is defined as the maximum tensile strain on the bottom of the beam when the load reaches its peak. It is calculated to characterize the low-temperature cracking resistance of asphalt concrete as follows:
where ℎ is the height of the cross section of the beam sample, mm; is the midspan deflection at the specimen failure, mm; is the span length of the beam, = 20 mm. The moisture susceptibility of different FRAC was measured by freeze-thaw split test in this paper. According to T0729 (JTJ E20-2011) [22] , standard Marshall specimens ( 101.6 mm × 63.5 mm) were prepared and divided into two groups. The first group samples were placed in a freezer at −18 ± 2 ∘ C for 16 h, then removed to a water bath at 60 ± 1 ∘ C for 24 h, and finally placed in a water bath at 25±0.5 ∘ C for 2 h. The second group samples were just placed in a water bath at 25±0.5 ∘ C for 2 h. Then the indirect tensile strength of the two group samples was tested with the loading rate of 50 mm/min. Consequently, the tensile strength ratio (TSR) evaluating the water damage resistance is calculated as follows:
where 1 is the tensile strength of samples after freeze-thaw cycle, MPa; 2 is the tensile strength of the fresh samples, MPa.
Experimental Results.
The results of wheel tracking test of different asphalt concretes are shown in Figure 7 . It is clear that high-temperature rutting resistance of asphalt concrete is improved by adding fibers. The dynamic stabilities (DS) of hybrid fiber, lignin fiber, polyester fiber, and PP fiber reinforced asphalt concrete are 174%, 40%, 113%, and 191% higher than that of the base asphalt concrete, which shows that the improving effect of the hybrid fiber is commensurate with that of PP fiber and is far more than that of the lignin fiber and polyester fiber. It also indicates that the hybrid fiber can fully exert advantage of PP fiber in the respect of hightemperature performance and make up for the lacks of lignin fiber and polyester fiber.
The results of low-temperature bending failure strain of different asphalt concretes are detailed in Figure 8 . The failure strains of hybrid fiber, lignin fiber, polyester fiber, and PP fiber reinforced asphalt concrete are 36%, 20%, 44%, and 25% higher than that of the base asphalt concrete. It shows that the low-temperature cracking resistance is improved by adding fibers in asphalt concrete. Meanwhile, hybrid fiber obtains a higher increasing ratio than the lignin fiber and PP fiber, but slightly lower than that of polyester fiber.
The results of freeze-thaw split test of different asphalt concretes are presented in Figure 9 . It can be found that indirect tensile strength of the fiber reinforced asphalt concretes is higher than that of the base asphalt concrete for either fresh samples or samples after freeze-thaw cycle. The results prove the reinforcing effect of fibers in the asphalt mixture during the process of sustaining tension. Furthermore, the TSR of the base asphalt concrete, HFRAC, LFRAC, PFRAC, and PPFRAC are 80.0%, 89.2%, 83.5%, 87.5%, and 87.1%, respectively. This result indicates that fibers, especially for the hybrid fiber, can improve the moisture susceptibility of asphalt concretes. engineering performance alone. Therefore, an analysis model is developed in this paper to compare the cost-benefit of hybrid fiber and three single fibers, and the equations of the model could be expressed as follows:
Cost-Benefit Analysis
where is the value coefficient which is defined as the quantitative index to evaluate the cost-benefit of various fibers;
is the comprehensive engineering performance promotion coefficient of FRAC compared to base asphalt concrete;
is the additional cost for FRAC compared to base asphalt concrete; is the individual engineering performance promotion coefficient of FRAC. High-temperature rutting resistance, low-temperature cracking resistance, and water damage resistance of FRAC are mainly tested in this paper, so the value of is the numbers 1, 2, and 3 to represent them, respectively. is the weight coefficient of , which is determined according to specific conditions. For example, in the region where rut is very likely to happen, 1 should be greater than 2 and 3 to highlight the importance of 1 . is the individual test index of the modified asphalt concrete whose number is . There are four kinds of FRAC involved in this paper, so the value of is the numbers 1, 2, 3, and 4 to represent them, respectively. is the individual test index of the base asphalt concrete.
Calculation and Comparison.
Based on the developed evaluation model and the engineering performance test results, the individual engineering performance promotion coefficient of different FRAC can be calculated, as shown in Table 7 . The lignin fiber reinforced asphalt concrete is used as an example here to illustrate how its is calculated In the process of calculating , the values of 1 , 2 , and 3 are usually different when the various road performance requirement degrees are different in a particular region. However, 1 , 2 , and 3 are all equal to 1/3 in this paper to make the results more representative, which means that the importance degrees of the resistance to high-temperature rutting, low-temperature cracking, and water damage are the same. Therefore lignin fiber reinforced asphalt concrete can be calculated as follows:
8 Advances in Materials Science and Engineering Considering the expense in construction of asphalt concrete, additional cost of each FRAC compared to base asphalt concrete mainly includes fiber material expense, increased asphalt material expense, and increased fuel expense. Referring to the market price in China, the prices of base asphalt, lignin fiber, polyester fiber, and polypropylene fiber are 4000 RMB¥/ton, 3500 RMB¥/ton, 12000 RMB¥/ton, and 13000 RMB¥/ton, respectively. In addition, the mixing temperature is usually 150∼155 ∘ C for base asphalt mixture and 160∼165 ∘ C for FRAC. So, base asphalt concrete and fiber reinforced asphalt concretes have different energy consumption in the process of production, which means that one ton of fiber reinforced asphalt mixture needs more 0.5 kg fuel oil with about 3000 RMB¥/ton compared to one-ton base asphalt concrete. One ton of asphalt concrete is regarded as a unit in the process of computing additional cost as shown in Table 8 .
Value coefficient of each type of concrete is attained when performance promotion coefficient and additional cost are substituted into the evaluation model and the results are listed in Table 9 . The value coefficient represents performance promotion relative degree of the mixture when 100 RMB¥ is invested in modifying one ton of base asphalt concrete. Specific sequencing of each type of mixture is as follows: hybrid fiber (2.05) > polyester fiber (1.58) > PP fiber (1.55) > lignin fiber (1.43). It shows that the cost-benefit of hybrid fiber is better than that of each single fiber from the above results.
Conclusions
This study is carried out to put forward a sample method to design hybrid fiber used in the asphalt concrete and verify engineering applicability and economic superiority of the hybrid fiber modified asphalt concrete. From the testing results and corresponding analysis, the following conclusions can be drawn:
(i) The experimental device DSD was developed to test the fiber modified asphalt samples' shear stress-strain curves. Based on this, shear damage energy density (SDED) was proposed to evaluate shear resistance of asphalt samples. Experimental results prove that the SDED can distinguish the shear resistance of different hybrid fiber modified asphalt effectively. Therefore, direct shear test can be used to design the dosage of hybrid in asphalt and its components.
(ii) Range and variance analysis results revealed that the dosage of lignin fiber, polyester fiber, and PP fiber in the hybrid fiber shows significant impact on the SDED of hybrid fiber modified asphalt. The greatest influence factor is the PP fiber dosage, followed by the lignin fiber dosage and polyester fiber dosage. In order to obtain the maximum shear resistance, the optimum dosage of hybrid fiber in asphalt is 7.2% and the composition ratio of the three single fibers in hybrid fiber is 3 : 4 : 5.
(iii) The laboratory results of the engineering performance suggested that hybrid fiber reinforced asphalt concrete has desirable high-temperature rutting resistance, low-temperature cracking resistance, and moisture susceptibility. Moreover, the engineering performance of the hybrid fiber modified asphalt concrete is more balanced compared to the three kinds of single fiber modified asphalt concrete, which indicates that the hybrid fiber gives full play to the modified advantage of the three kinds of single fibers and there exists combined effect in the hybrid fiber.
(iv) A cost-benefit model considering both performance and economy aspects was applied in this paper to compare the advantage of hybrid fiber, lignin fiber, polyester fiber, and PP fiber in engineering application. It is shown that the cost-benefit of hybrid fiber is better than each single fiber, which means that hybrid fiber is a good choice to reinforce asphalt concrete.
